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Subjects and methods
Subjects
DC MEG recordings were measured during visual stimulation of the occipital cortex in eight migraine with aura patients, in four migraine patients during and after the onset of spontaneous with aura patients migraine with aura, and in six normal controls with no history of migraine headache. Migraine patients were diagnosed by two of the authors (SA, KMAW) based on the International Headache Society (IHS) criteria [14] . The migraine with aura patients had a history of migraine attacks triggered by visual stimuli (bright light, flashing lights, strobe lights). No patients were taking preventive medications and none suffered a migraine attack within the preceding seven days. All subjects gave written informed consent prior to study. The Institutional Review Board of Henry Ford Hospital approved the protocol.
Methods
Studies were performed using a 148-channel Neuromagnetometer (4D Neuroimaging WH2500), a helmet-shaped device covering the entire adult head, except the face. The individual sensors were SQUID (super conducting quantum interference device) magnetometers. Migraine patients experiencing headache and/or neurological symptoms of aura (visual disturbances: scotoma, phosphenes, fortification spectra; unilateral numbness or weakness of the arm) at the time of the study were monitored for 15-20 min as their symptoms permitted. Migraine subjects not experiencing headaches and controls were monitored for 18 min during presentation of visual stimulus.
The neuromagnetometer was positioned to enclose the head holder and subject's head within the sensor array helmet. The visual stimulus pattern was back-projected on a translucent white projection screen. A black and white circular checkerboard pattern reversal stimulus was chosen to excite edge detection (linear) neurons throughout the visual field rather than color-specific neurons primarily confined to cortex associated with central vision. The computer-generated alternating pattern (implementation software, Matlab version 5.3R11 for Windows 95/98) was projected into the shielded room by a Promax Desktop Projector (Model 5950, Lumens 1250) and onto a large mirror tilted 45°up. In turn this reflected the image onto another mirror, also tilted at 45°, towards a translucent white projection screen. The image was viewed in a mirror placed above the subject (the center of the mirror was 14 inches (30 cm) above the face). This mirror was also tilted 45°t oward the translucent white projection screen. The stimulus pattern was a radial checkerboard that subtended 50°of visual angle at the viewing distance. The check size was 5°in the radial direction and the stimulus pattern alternated black and white at 8 Hz. Each subject was asked to lie still with eyes open and to focus on a black dot (target) in the center of the oscillating image on the screen. No stimulus pattern was presented to those patients experiencing spontaneous aura, instead they fixed their gaze on a spot on the ceiling.
Data processing
The data were analyzed for DC MEG shifts such as those associated with propagating wave fronts of neuronal depolarization. Magnetic fields encircle neuronal ionic current flow, such that the patterns of magnetic fields enter and exit the skull surface and can be measured with a large array neuromagnetometer system. In the magnetic field contour plots in this article, magnetic fields exiting the skull surface were color-coded red and those entering were color-coded blue.
Statistical analysis
Fisher's exact tests were used to compare the migraine and control groups for binary variables: sex, DC shifts (yes/no), headache induced (yes/no). A two-sample t test was also used to compare the two groups for age. Additional analyses (Wilcoxon's two sample test with exact p values) were used within the migraine group to compare the magnitude of the DC shift between subjects with and without induced headaches, and between men and women. Wilcoxon's tests were used in place of two sample t tests for these variables because of the small sample sizes and the unequal variances between men and women.
Results
The three groups were of similar age (spontaneous migraine, 48±11 years; visually induced migraine group, 44±9 years; control group, 38±6 years) and sex distribution (spontaneous migraine group, 50% women; visually induced migraine group, 62.5% women; control group, 83.3% women).
All spontaneous and induced migraine with aura (M+A) patients experienced visual aura. The eight visually induced M+A patients experienced visual symptoms similar to their spontaneous aura. None of the six visually stimulated controls experienced aura (p=0.003, Fisher's exact test). No patient with spontaneous aura experienced headache during the study but all developed headache after the aura ceased and measurements were completed (Table 1) . Headache occurred in 5 (62%) of the 8 visually stimulated M+A patients during the study but none of the 6 controls developed headache (p=0.031, Fisher's exact test) ( Table 2) .
Typical MEG recordings are shown in Figs. 1-3. Slow DC MEG signal shifts were observed in all spontaneous and visually stimulated M+A patients but in none of the visually stimulated controls (p=0.003, Fisher's exact test). There were statistically significant differences (p=0.0006, Wilcoxon's) between the DC MEG field amplitude of visually stimulated M+A patients (mean amplitude of shifts, 32±19 pT, Fig. 3 ) compared to normal controls (<9 pT, Fig.  1 ). Difference in the DC MEG field amplitude between the Figure 1 displays the occipital MEG channels collected during 300 s visual stimulation of a control subject. Data were collected for 18 min and normalized. No DC MEG shifts were recorded. Small spikes (2-5 s shifts from baseline) in the recording are an artifact of patient movement. Figure 2 displays the MEG data of a subject with spontaneous aura. Data were collected approximately 3 min after aura started. DC MEG signals of large amplitude were recorded from the right hemisphere. Concurrent negative and positive deflections indicated neuroelectric activity occurring under these channels. Figure 3 displays the MEG data of a subject with visually induced aura. Shifts were the same as seen with spontaneous aura.
Discussion
DC MEG shifts are a direct measurement of neuronal excitation so that MEG should provide more direct knowledge of neuroelectric events such as SCD. Our results demon- strate that similar DC MEG field shifts arise during spontaneous and visually induced migraine aura, resembling those arising from SCD crossing a sulcus in animal models [12, 13] . Furthermore, waveform analysis of the MEG fields observed during migraine aura agree with theoretical predictions from SCD crossing the convolutions of the cortical surface [8, 13] . The multiphasic form of the MEG waves during aura suggests an extended propagating wave of excitation rather than a local static source on the cortex, strongly supportive of SCD. Waves of neuronal excitation in convoluted brain cortex generate complex MEG field patterns due to propagation in different directions across multiple sulci. Thus, simple equivalent current dipole calculations cannot be applied to the data. Calculating the rate of SCD propagation is difficult and therefore represents, a disadvantage of MEG over the lower resolution blood flow techniques The model of visually induced migraine aura and headache has been established and refined in our laboratory [4, 16] . Typified by the present results, when subjects with a natural and reproducible history of migraine attacks induced by visual stress are selected, the success rates for visually induced attacks in our experimental setting are high. In a previously published functional MRI-BOLD study of migraine patients, albeit using a different checkerboard-patterned visual stimulus but delivered at an identical rate, we induced aura and headache in approximately 50% of patients [4] . Visual stimulation was associated with immediate neuronal activation in occipital cortex, though not confined to primary visual cortex. Within similar time delays to the current study, the visual stress initiated spreading suppression of the initial activation at rates compatible with experimental SCD. Multiple events, attributed to an SCD-like phenomenon, were evoked from different regions of the occipital cortex bilaterally. MEG results, using a visual stimulus designed to activate primary visual cortex alone, replicated and, by their more direct nature, extended these findings. Our recordings confirmed the multifocality of neuronal excitation, and the DC MEG shifts that arise from these sites.
Spontaneous auras were associated with DC MEG shifts that emanated from less widespread regions of occipital cortex than those excited by visual stimulation, although still from regions beyond the primary visual cortex. These differences seem best related to the visual stress used to induce the latter. Nevertheless, the visual stimulus of our MEG study was designed to cause physiological activation of primary visual cortex alone, as opposed to the more widespread cortical activation of the stimulus used for our fMRI-BOLD study [4] . Interpreted together, the findings from both studies are compatible with hyperexcitability of widespread regions throughout occipital cortex providing the susceptibility for triggering SCD and aura in migraine sufferers [16] [17] [18] . 
